A method for copying holographic optical elements with partially coherent light by using a holographic system is presented. The system includes two holographic lenses that are made as thick-phase holograms on silver halide-sensitized gelatin. The geometric conditions during reconstruction of the holographic system with white light are studied and the performance of the system is analyzed by a ray-tracing technique. The spatial and temporal coherence factors for the system are > 0.9, and this indicates that it is possible to obtain good holographic elements with this holographic system. Copies of diffraction gratings and holographic lenses obtained with dichromated gelatin and photoresist as the recording material present good optical quality.
Introduction
For the past few years holographic technology and holographic optical elements (HOE's) have been developing quickly' and optical designs that include holographic elements are beginning to appear in the literature. Optical systems containing scanners, 2 head-up displays, 3 waveguide couplers, 4 and optical interconnectors 5 have been developed thanks to holography. Holographic elements that belong to these optical systems need to have characteristics' such as high diffraction efficiency, high signal-to-noise ratio (SNR), environmental stability, and transparency. Basically these characteristics are a function of the holographic recording medium and the chemical processing used in the fabrication of a HOE. 6 The obtention of HOE's is limited when we want to record these HOE's by using a direct method with coherent light sources because the radiation emitted by the existent lasers does not correspond to the regions of high spectral sensitivity of suitable recording materials. A technique of solving this problem is to record the HOE's by means of a copy method. 7 In this situation different wavelengths can be used in recording the master hologram and copying the final hologram. 8 This solves the problem of the final material having little sensitivity at the desired replay wavelength. Moreover, as a consequence of this, it is possible to work, for example, in the infrared region 9 or in another spectral region.
Hologram copying has been studied extensively by Vanin 0 and others,"1-' 4 both in the Fresnel and in the Fraunhofer regions. However, in their studies coherent light was usually used for the copying. Likewise it is possible to copy holograms with partially coherent light.
The copying process consists of storing the interference pattern of the two wave fronts that are generated in the master hologram in a recording material with sufficient spatial resolution. Making copies is complicated and the difficulty lies in the precise recording of the spacing of the interference fringes that constitute the hologram element, as they are usually the size of micrometers.
In previous studies1 5 it has been shown that it is possible to copy HOE's by using partially coherent light sources whenever we place the master hologram in direct contact with the recording material we want to use to make the copy, with the photosensitive layers of the master and the copy placed together.
We describe a method for obtaining HOE mass production by using the hologram copying technique. We use partially coherent light and a holographic optical system to copy the holograms. Experimental results that demonstrate the feasibility of our method are presented. Finally we discuss these results.
Experimental Setup
The holographic optical system used is a thick-phase transmission holographic doublet that works as a holographic filter.' 6 "1 7 The geometry of the system can be changed to select different wavelengths. Basically the holographic system is formed by two transmission holographic lenses with the same focal length separated by a distance that corresponds to twice the focal length of each of them, so that by working with white light we can select a particular wavelength that filters the image from the first lens on the focal plane by means of an appropriately sized diaphragm.
Let us consider the arrangement of the holographic system that uses two thick-phase transmission lenses, as shown in Fig. 1 . The holographic lenses used in this system were constructed as in the setup shown in Fig. 2(a) and reconstructed as in the configuration shown in Fig. 2(b) . We denote by 0, R, C, and I the sources that illuminate the object and reference light beams and the light beams that reconstruct and form the image, respectively. We make two waves interfere with each other, one being spherical and the other being collimated.
The recording material used was silver halidesensitized gelatin (SHSG) with the radiation of 633 nm of an He-Ne laser. By this processing it is possible to obtain HOE's with high transmittance on the whole visible spectrum and at the same time an optimum SNR.1 8 HOE's present maximum diffraction efficiency near the theoretical value for the Bragg angle at this wavelength. The parameters corresponding to the two holographic lenses are shown in Table  I .
The optical system presented can work for every wavelength emitted by the light source used. In this study the source used is a high-pressure mercury lamp. Table II shows the spectral response of the holographic system, taking into account the diffraction efficiency of the system.
The photosensitive materials used in this study for the manufacture of HOE's are sensitive to short wavelengths within the visible spectrum. For this reason the wavelength chosen for use in this study is 405 nm. This wavelength and its corresponding bandwidth were selected with a D 2 diaphragm (see Figure  1 ) that was suitable in terms of both size and position.
In order to select the 405-nm wavelength we placed the D 2 diaphragm in the focal plane of the first HOE corresponding to 405 nm. When a collimated beam of white light is incident on lens L, it is possible to focus the whole set of wavelengths X along one line. By filtering X adequately it is possible to use a divergent The coherence factor of this system is determined by the angular size of the source and in our case by the diameter of the opening of the filter and the focal point of lens L 2 . Therefore it is important to know the shape of the beam used in the copy as well as the shape and size of the focalization region of the first HOE. This information is fundamental because the temporal coherence factor is related to the wavelengths that cross the opening that is used as a source for the second HOE.
The behavior of a holographic optical system can be studied thanks to the development of all the topics related to the recording and reconstruction geome- tries of HOE's, their functions, the range of wavelengths in which they are going to function, and the possible aberrations that can appear. Many authors1 9 -2 5 work in this research area of holographic optics. All of them study the geometric relationships that exist between the coordinates of the object, reference, reconstruction, and image sources, and obtain the mathematical equations for the aberrations that appear in the reconstructed beam image. These analytical equations for the aberrations provide information on the quality of the images in HOE 's. Nevertheless other techniques that also allow for the analysis of the quality of these holographic systems exist. They have become absolutely necessary, especially if the element must work with a convergent beam image as is the case of the holographic system we are considering in our study. We are referring here to the techniques based on ray tracing. This ray-tracing technique in HOE's has been analyzed by many authors for more than twenty years and analytic equations have been developed to carry out this tracing. 2 6 -3 0 The need to have a raytracing method for analyzing HOE's has prompted us to write a computer program for use in ray tracing in HOE's in order to obtain the greatest amount of information possible from them. This ray-tracing method is used with volume HOE's only (diffracted order + 1), and by using this method it is possible to obtain the direction cosines of the diffracted rays through the HOE as well as the points of intersection of these rays with an arbitrary plane. By making this arbitrary plane coincide with the plane that is perpendicular to the main ray that passes through the Gaussian point information about the size of the spot on the image plane can be obtained. On the other hand it is possible to obtain information about the quality of the images produced by the HOE's by applying the rms concept. 3 0 ,31 Likewise the raytracing method used allows us to analyze any type of configuration of two HOE's as long as we know their obtention and reconstruction geometries. 3 0 In ray tracing the image plane is characterized by coordinates x' and y'. These coordinates correspond to a plane that includes the image focal point of lens Li for = 405 nm and that is perpendicular to the OZ' direction, as is seen in Fig. 3 . This OZ' direction is determined by the ray that emerges from the center of Li and passes through its Gaussian image focal point for the wavelength being used. The O' origin of the system of coordinates X'Y'Z' coincides with this Gaussian image point, which is denoted by S in Fig. 3 .
In order to study the shape and size of the spot that corresponds to the area of focalization for = 405 nm a beam formed by a group of rays parallel to the optical axis of the holographic lens Li was used. These parallel rays were distributed over the lens, as shown in Fig. 4 , covering a diameter of 9.5 cm. They are incident to L with Bragg's angle, which allows for maximum diffraction efficiency for this wavelength.
At the outset the ray tracing is done while assuming that the source of illumination is a point. The shape and size of the spot on the studied plane for this situation is shown in Fig. 5 , in which the wavelength utilized is 405 nm. In Fig. 6 we can see the shape and size of the spectrum when the holographic system is illuminated under the same conditions but with white light.
In our second analysis, we again studied the behavior of the first holographic element L when it was illuminated by an extended source. The plane that interests us continues to be the X'Y' plane of Fig. 3 and this area of interest corresponds to the focalization zone for a wavelength of 405 nm. The size of the source D was 2 mm in diameter and the calculations that were done by using the ray-tracing program were carried out for three point sources in the X 0 direction, perpendicularly to the optical axis of the system that is contained in the plane of the scheme shown in 5, and three point sources in the Yo direction, perpendicularly to the optical axis of the system and perpendicularly to the plane of the scheme in the same figure. In each direction a point source was used that was situated in the center of the D, opening, another that was situated 1 mm above the central one, and finally, another that was situated underneath. The same was done in the other direction so that the two central points were made to coincide, thus providing five point sources for the study. The size and shape of the spot are shown in Fig. 7 . By placing a D 2 diaphragm on the study's image plane a second extended source of illumination is obtained that provides radiation with a bandwidth of 10 nm, measured with a spectrophotometer, and centered at 405 nm, which will illuminate the optical system's second HOE L 2 . The bandwidth of this radiation as well as the angular size of the light source determine the coherence conditions of our optical system and then condition the copying process that is to be carried out.
In order to complete the information on the aberrations of the holographic system used in this study the rms, o(ri'), is determined:
, (1) where (Xi', Y') are the coordinates of an arbitrary point corresponding to the intersection of the ray that emerges from point (Xi, Y ) of the exit pupil of L, and the plane of analysis ri' = (X,' 2 + yi 1 2 )1/2 and we use (X') and (Y') to designate the coordinates of the geometric center of this distribution of points on the plane (Fig. 8 ). As can be seen, the holographic system presents astigmatism, coma and spherical aberrations (Fig. 5) . Nevertheless the image point can be said to be equivalent to a circle with a radius of 0.196 cm, with the value of the center 3 ' of this circle being the average of the point distribution ((X') = 0.082 cm and (Y') = 0 cm) and the radius being equal to the rms u(ri'). This circle contains 75% of all the rays that emerge from L1. These circumstances allow us to maximize light use and minimize loss.
Finally we compared the system's incident beam with the emerging beam. In Fig. 9 the P and P' sections that we wish to compare are shown. P corresponds to a section of the ray beam that is incident to the system and P' corresponds to a section of the ray beam that emerges from the system. Both sections P and P' have been included in the same system of coordinates while noting the presence of astigmatism caused by the shape of the set of rays that emerges.
Given that HOE's are going to be made through a copying process, the original HOE must have a series of qualities such as high transmittance for any wavelength, light stability, panchromatic response, low noise levels, the behavior of a volume element, a 1:1 relation between the diffraction order and the transmitted order, and, lastly, environmental stability. The photochemical processing that allows us to obtain these characteristics is SHSG, as we mentioned above. The master we produced was a 1000-lines/mm diffraction grating with the energy to produce a 1:1 ratio in the reconstruction step by using a wavelength of 405 nm. Likewise a holographic lens was made with a 165-mm focal point at 405 nm whose diffraction efficiency is uniform over the entire exit pupil of X' (cm) Fig. 9 . Comparison of the holographic system's emergent and incident beams.
the system. The diameter of the lens used as a master was 60 mm. Both masters were produced with a wavelength of 633 nm by a 15-mW He-Ne laser. Transmission reached 80%.
Coherence Conditions
All light sources are characterized by a coherence factor that, in some way, defines the quality of each source. 3 2 The total coherence factor of a source can be expressed, except in the case of constant phase factors, as a product of the spatial coherence factor F, which is associated with the angular size of the source, and the temporal coherence factor K, which is associated with the spectral bandwidth emitted by the source. From the point of view of theoretical calculations, the spatial coherence factor F is obtained by using the Van Citter-Zernike theorem. For a circular source with an angular size of y, which is shown in Figure 10 , and a uniform intensity distribution, F is derived from the normalized first-order Bessel function: of the layer of air between the two photosensitive layers when they are joined, and 0' is the Bragg angle in the interior of the photosensitive medium. These parameters are shown in Fig. 10 . The temporal coherence factor K is determined by the spectral bandwidth of the radiation emitted by the source. The corresponding calculations are included in the bibliography 3 3 for cases in which the thermic emission source has a Gaussian profile and the equation is
where ' is the difference of the optical path from the source to the point where the two beams intersect, AX is the bandwidth of the emitted radiation, and is the wavelength used in the study. Likewise the difference in the optical path 5' can be expressed as a function of the refraction indexes and the thicknesses of the recording materials used n, n 2 , h, h 2 , as well as of the Bragg angle 0 y ' inside and outside the recording material for maximum efficiency 3 4 :
8' = hn1(1 -cos 0') + h 2 n 2 (1 -cos 0') + a(l -cos 0). (5) Parameter a represents the thickness of the air layer that exists between the two layers of photosensiwhere
where y is the angular size of the source, is the working wavelength, h is the thickness of the master, h 2 is the thickness of the copy, a is the thickness 1.00 k_, Table I .
DCG Processing Schedulea
Step Process Time tive material when the copy is made. The value of materials used in the copies: dichromated gelatin parameter a, in our experience, has been 3 pLm and (DCG) with a 15-[um thickness and photoresist with a the measurements of this parameter have been done 1-pm thickness, and the variation when the angular by interferential methods. 3 5 size of the source y is increased and the bandwidth In Figs. 11 and 12 the spatial and temporal coherused is AX. In any case the values of the coherence ence factors have been represented as they relate to factors are greater than 0.9 and there is a decrease in spatial frequency. The spatial frequency used ranged the spatial coherence factor only when the source has from 500 to 2000 lines/mm as this is the range of a large angular size and the spatial frequency is 2000 variation in spatial frequency that the original lenses lines/mm. Therefore we can conclude that if the present, and therefore it is the range of the copies to coherence conditions of a holographic system are be made. In these figures we can see the variation of taken into account it is possible to obtain copies that said factors if we take into account the recording have good diffraction efficiency. 
Experiments and Results
Experiments were carried out with DCG from a Kodak 649 F emulsion and positive photoresist from Shipley AZ-1350 J and B. DCG 3 6 is a gelatin layer that contains a small amount of dichromate; it has large refractive index modulation capability, high resolution, and low absorption and scattering. With this material a volume-phase hologram is formed. On the other hand photoresists 3 7 are light-sensitive organic films that yield a relief image after exposure and development. With this material a thin-phase hologram is formed. It has no grain structure so scattered light is negligible. In these experiments a collimated beam from a high-pressure mercury lamp ( = 405 nm), which was incident at Bragg angle to the master and copy, was used to produce a series of transmission gratings. Gratings were recorded with exposures ranging from 10 to 120 mJ/cm 2 . The exposed plates were developed. Details of the processing schedule are given in Tables III36 and V.37 Measurements of the diffraction efficiency of these gratings at the Bragg angle were made. The diffraction efficiency was defined as = I/Io where I was the power in the first diffracted order and o was the power transmitted by an unexposed area on the plate, i.e., the incident power less losses caused by absorption and reflection at the two surfaces.
Curves showing the variation of the peak diffraction efficiency with exposure are presented in Figs. 13 and 14. The master we used had a spatial frequency of 1000 lines/mm. As can be seen in Fig. 13 the diffraction efficiency obtained with a partially coherent light copy has a maximum value of 85%, which is similar to those obtained with coherent light. In Fig. 14 , with photoresist the grating obtained with copy has a lower maximum value of 40% in diffraction efficiency. This fall in diffraction efficiency is due to the type of recorded grating. Gratings obtained in DCG are thick gratings whereas gratings obtained in photoresist are thin gratings, and with plane gratings it is not possible to obtain a diffraction efficiency of more than 33% when working in linear conditions.
However the important thing is that it is possible to obtain gratings with partially coherent light from a holographic system in DCG and photoresist that are similar to those obtained with coherent light. This allows us to work in a region of the spectrum in which no laser exists.
It is important to point out that we have obtained holographic lenses with partially coherent light from a holographic system in DCG and a photoresist 50 mm in diameter.
Conclusions
A method for copying with partially coherent light by using a holographic system that allows the selection of different wavelengths of the source spectrum by the position and size of the aperture stop has been analyzed experimentally, and diffraction gratings have been obtained by using DCG and photoresist, both of which have a high degree of diffraction efficiency. The coherence conditions used are suitable for copying all types of transmission HOE's in any recording material with optimum results that are similar to those obtained by using direct methods. A method for the production of series HOE's by holographic optics has also been described. And finally, it is important to point out that the holographic optical system used to make copies has great stability and allows for long exposures of up to 3 h. l .
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